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MULTI-LAYERED PHOTOCHROMIC OPTICAL DATA DISK 

Reference to Related Application 

The present application claims the benefit of U.S. Provisional Application No. 
5 60/063,797, filed October 3 1, 1997, whose disclosure is hereby incorporated by reference in 
its entirety into the present disclosure. 
Field of the Invention 

The present invention is directed to a method and system for use in optical data 
storage systems, such as three-dimensional (3D) optical memories, WORM (write-once, 
10 read-many) drives, and WER (write, erase, and read) drives, and is more particularly directed 
to such a method and system in which a single laser is used to write information on a 
multilayered disk or other medium. 
Description of Related Art 

One known technique for optical data storage involves two-beam, two-photon writing 
15 and fluorescent reading in a 3D photochromic medium. That technique was developed 

mainly by Peter M. Rentzepis and persons working with him and is described, e.g., in U.S. 
Patents 5,268,862 and 5,325,324 and in the references by him and others listed below. 
Information is recorded with two intersecting beams: a ftmdamental beam and a second 
harmonic of picosecond YAG:Nd laser radiation. The characteristic pulse duration is about 
20 30 picoseconds, and the pulse energy is several millijoules. That method allows page-by- 
page recording but demands significant modification of existing computer architecture. 

Another known technique involves single-photon writing and phase contrast reading 
in multilayered photochromic matrices, photopolymers, and photorefi-active crystals. That 
technique was developed mainly by S. Kawata et al and is described, e.g., in the references 
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by them listed below. That technique has the disadvantages of low spatial resolution and 
high energy cost. 

The following references show the state of the art: 
S.Hunter, F.Kiamilev, S.Esener, D.Parthenopoulos, and P.Rentzepis, ApplOpt., Vol. 29 (14), 
5 pp.2058-2066, 1990. 

A.S.Dvomikov, J.Malkin and P.M.Rentzepis, J.Phys.Chem., Vol. 98 (27), pp. 6746-6752, 
1994. 

A.S.Dvornikov, P.M.Rentzepis, Opt.Comm., Vol. 136, pp. 1-6, 1997. 

Peter.M.Rentzepis: US Patent 5, 26S,S62, 1993; Peter.M.Rentzepis, Sadik Esener: US Patent 
10 5,325,324, 1994. 

A.Toriumi, J.M.Herrmann, S.Kawata, Opt. Lett., Vol.22 (8), pp.555-557, 1997. 
Y.Kawata, , R.Jusckaitis, T.Tanaka, T.Wilson, S.Kawata, Appl. Opt., Vol.35 (14), pp.2466- 
2470, 1996. 

Weaver, L.A. Huston, K. Iwata, T.L. Gustafson, J.Phys.Chem., Vol. 96, pp. 8956, 1992. 
15 C. Xu, W.W. Webb, J.Opt.SocAm B., Vol. 13(3), pp. 481-491, 1996. 

G.S. He, L.Y. Ning Cheng, J.D. Bhawalkar, P.N. Prasad, JOSA B, Vol. 14 (5), pp. 1079- 
1087, 1997. 

D.E. Spence, P.N. Kean, W. Sibett, Opt. Lett., Vol. 16(1), pp. 42-44, 1991. 
M.J.P. Dymott, A.I. Ferguson, Opt. Lett, Vol. 19(23), pp. 1988-1990, 1994. 
20 K. Tamura, C.R. Doerr, L.E. Nelson, H.A. Haus, E.P. Ippen, Opt. Lett., Vol. 19(1), pp. 46-48, 
1994. 

P.J. Delfyett, L. Florez, N. Stoffel, T. Gmitter, N. Andreadakis, G. Alphonse, W. Ceislik, 
Opt. Lett, Vol. 17(9), pp. 670-672, 1992. 
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I.N. Kovalenko, A.A. Filippova, «Probability theory and mathematical statistics)), Moscow, 
Higher Education, 1982, 
p. 227. 

N.LKoroteev, S.A.Magnitskii, V.V.Shubin and N.T.Sokolyuk, Jpn, Appl Phys., V 36, pp. 
5 423-425, 1997. 

Summary of the Invention 

In view of the foregoing, it should be apparent that a need still exists in the art for a 
method and system for optical data storage that offer increased information density at a 
reasonable energy cost in existing computer systems. 
10 It is, therefore, a primary object of the invention to provide a method and system for 

optical information storage that use a single laser (single wavelength of writing radiation) for 
writing. 

It is another object of the invention to provide such a method and system that provide 
a simple scheme of information recording. 
15 It is another object of the invention to provide such a method and system that use 

femtosecond (the shortest) laser pulses and achieve high spatial resolution. 

It is another object of the invention to provide such a method and system for use with 
existing computer architecture and in particular with CD-ROM and DVD-ROM standards. 
To achieve these and other objects, the present invention is directed to a method and 
20 system for 2.5-dimensional (hereafter known as 2.5D) optical data storage with single-beam, 
two-photon writing and fluorescent reading from a photochromic medium. The reading may 
be carried out either sequentially (bit-by-bit) or in parallel (page-by-page). The organic 
photochromic molecules used in the medium have an initial form A and an excited or colored 
form B. The molecules are embedded in polymer matrices and have good optical quality. 
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thereby allowing high spatial resolution, limited only by molecular dimensions. Information 
can be recorded by two-photon absorption by the photochromic molecules in their initial 
form A, while the information can be reproduced through the registration of fluorescence 
emitted by the excited photochromic molecules in their excited form B. 

5 The present invention is thus directed to a variant of 3D optical data storage in which 

the medium is a multilayered photochromic structure such as a multilayered fluorescent disk. 
The medium has photosensitive layers separated by inert (non-photoactive) polymer layers. 
That structure allows single-beam, two-photon, bit-by-bit writing whose locality is provided 
by the small thickness of the photoactive layers and the nonlinearity of the two-photon 

10 process. The multilayered structure provides a 2.5-dimensional optical memory that can be 
made compatible with existing CD and DVD technology. 

The use of a single beam for recording, rather than dual beams, allows the use of 
ultrashort light pulses, namely, of femtosecond order. CW mode-locked femtosecond lasers 
capable of producing femtosecond pulses with a repetition rate of 10 MHz to 10 GHz are 

15 suitable for use in the present invention. Readout can be performed by registration of the 
fluorescence caused by either single- or two-photon absorption. Single-photon absorption 
permits page-by-page reading of information. 
Brief Description of the Drawings 

A preferred embodiment of the present invention will bet set forth in detail with 

20 reference to the drawings, in which: 

Fig. 1 is a drawing showing a cross-sectional view of an optical information storage 
medium according to the preferred embodiment of the present invention; 
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Figs. 2A and 2B are graphs showing the dependencies of colored form accumulation 
on the product of pulse energy density and the effective cross section after the effect of 
several pulses and on the number of pulses; 

Fig. 3 shows the dependence of the optimal number of laser pulses for writing one bit 
of information on the quantum yield of photocoloration and on the required relative form B 
accumulation; 

Fig. 4 is a schematic diagram showing image formation from a multilayer fluorescent 
matrix during the readout process; 

Fig. 5 is a schematic diagram showing a constructed prototype of the present 
invention; 

Fig. 6 is a schematic diagram showing a universal head in writing mode; 

Fig. 7 is a schematic diagram showing the universal head in reading mode; 

Fig. 8 shows the dependence of the absorption spectrum of a thin polymer film 
containing naphthacenepyrodine No. 10 on form B accumulation during the illumination of 
the medium by blue light; 

Fig. 9 shows normalized fluorescence spectra of naphthacenepyrodone No. 10 in 
forms A and B; 

Fig. 1 0 shows an image of a pit written by three dots positioned horizontally at 
distances of about one micrometer, in which the pit dimensions are 1 .7 micrometers vertically 
and 3.7 micrometers horizontally; and 

Fig. 1 1 shows five fluorescent images obtained from five layers of the 2.5D optical 
medium, the images being recorded directly over one another, the thickness of the 
photosensitive layers being one micrometer, the layers being separated by distances of thirty 
micrometers. 

5 
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Detailed Description of the Preferred Embodiment 

The preferred embodiment will now be set forth in detail with reference to the 
drawings, in which like elements are designated with like reference numerals throughout. 

The storage medium comprises transparent multilayer polymer photochromic matrices 

5 which are deposited onto the surface of flat substrates, for example, by a spin-coating 

method. A cross section of a 2.5D matrix is depicted in Fig. 1 . As shown in that figure, 2.5D 
matrix 101 includes a substrate 103 supporting alternating photosensitive layers 105 and 
separating layers 107. The photosensitive layers 105 can be about 1 |im thick, and the 
separating layers 107 can be made about 30 fxm thick. The photosensitive layers 105 include 

10 a polymer in which photochromic molecules are embedded. For example, 

naphthacenep5n-idones may be used as the sensitizing photochromic substance. Of course, 
any other construction can be used as long as the capabilities of the present invention are 
retained. The separating layers 107 can be made from any transparent polymer or other 
material. In that context, "transparent" means transparent to the wavelengths that will be 

15 used in reading and writing, as will be explained in detail below. 

Recording of the information on the medium 101 is based on the photocoloration 
reaction due to two-photon absorption of strongly focused laser radiation in the photochromic 
media. The photochromic process used in information recording will now be explained. 
Taking into account the typical relaxation times of excited molecular states of 

20 complex organic molecules, which lie in the picosecond - nanosecond range, one can see that 
the time interval between consecutive laser pulses is sufficient for complete depopulation of 
the excited singlet state of a photochromic molecule. Namely, such excitation is necessary to 
induce the coloration photoreaction. Thus, the light absorption and the chemical reaction are 
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separated in time, and, therefore, the processes of light absorption and chemical reactions 
may be described independently. In the simplest case the two-level model may be used to 
describe the excitation of photochemical reaction. 

Besides that, we will neglect the processes of reverse photochemical reaction, 
destruction, energy transfer, light absorption by the polymer host and by products of reaction, 
etc. Let us assume that photoreaction quantum yield is constant. So during light pulse 
propagation, form A concentration is not changed and after that some part of excited 
molecules transforms into form B in accordance with quantum yield cp, while the rest of 
molecules returns to the initial state to the moment when the next light pulse comes. 

Let us estimate how many molecules are transformed from form A to form B after 
propagation of k pulses in assumption that all light pulses are similar and optical density of 
the media is not large: 



nB(k) = no^l 



|-(l-exp(-25jo2dt))j I (1) 



Here J3>^dt may be determined provided the pulse energy and the pulse temporal profile are 
known: 

JOMt _ x£l(t/T)M(t/x) _g 

x^[j_I(t/x)d(t/x)J 

where x is the pulse duration, I(t/T) is the profile of pulse intensity, and g is form factor. For a 
Gaussian profile, g = 0.664, and for I(t/T) = sech^(t/x) g = 0.533. So (1) may be rewritten as 
follows: 



nB(k) = noil- 



^(l-exp(-25g— )) 
2 X 



(3) 
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Here nB(k) is the local concentration of colored form B of photochromic substance after 
action of k similar light pulses; no is the total photochromic substance concentration (no == nA 
+ nB); nA is the concentration of the initial photocromic substance form A; O is the local 
photon flux density during single pulse propagation; 6 is the two-photon cross section. In 
these equations the population changes are taken into account. Thus, these equations are valid 
for any energy in pulses. 

The comparison of (3) and the equation for single photon excited photochemical 
reaction allows to define an effective cross section and to rewrite (3) in the form similar to 
that equation: 



10 nB(k) = noh 



l-^(l-exp(-2aeffE))| \, (4) 



where acir = o in the case of single photon excitation and Ocfr = 5gE/x in the case of two- 
photon excitation. 

After single pulse propagation the concentration of form B is defined as 

0) = no f[l - exp(-2a,ff E)] . (5) 

15 If 2a^ffB« 1 the population change may be neglected and the equation (4) is simplified: 

nB(k)=n,{l-[l-cpa,^Ef j. (6) 

And in the case of single pulse excited photoreaction 

K)s =no9cycffE. (7) 

If the number of pulses is large, equation (6) may be transformed to exponential form: 

20 n B (k) = no {l - exp(- cpa.ff kE)} . (8) 



8 
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The equation (8) allows to describe the kinetics of photochemical reaction under stationary 
illumination if a radiation dose kE is substituted for Ot. 

As an example, the characteristics of 3D optical memory device may be estimated. 
Let us assume that the average power of femtosecond laser radiation is equal to 15 mW, the 
pulse repetition rate is 1 GHz (see the disclosure by S.D. Yakubovich et al), the pulse 
duration is 100 fs, the two-photon cross section of photochromic molecules is 10"^^ cm'^s (that 
is exactly the value for Rh-6G dye, that may be used for sensitization and 20 times smaller 
for dye AF-50), the quantum yield of the photoreaction and the form factor are close to 1, and 
the writing beam diameter is 0.8 jam (in accordance with CD standard). Using these 
parameters we receive Oeff = 10"^^ cm^. According to the equation (6), after propagation of a 
single pulse only ~1% of molecules are transformed into form B. If fluorescence quantum 
yield of colored form of photochromic substance is rather large, this percentage of 
accumulated form B is enough to provide reliable reading of information. Thus, the 3D 
memory device with such parameters is able to write information with a speed as high as 1 
Gbit/s. The energy expense for writing of one bit of information is equal to 15 pj (see below). 

The energy expense varies inversely as the square root of the pulse duration x, so one 
should use as short a pulse as possible. Moreover, the shortening of pulse duration permits an 
increase in the threshold of media optical damage. For x - 100 fs this threshold in such 
polymers as PMMA achieves the value of ---lO TW/cm^. 

Evidently, by using shorter pulses one can record the information by two-photon 
excitation of photocoloration of photochromic molecules. However, the use of pulses with 
x<50 fs is connected with specific difficulties because of refractive index dispersion in any 
medium. So we consider that lasers generating the pulses of 50-100 fs range are most 

9 
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suitable, i.e. one should use a Ti: sapphire laser, a Cr:LiSAF laser, an Er-doped fiber laser, a 
semiconductor laser system or a CPM dye laser. We used a Ti:sapphire laser to develop the 
prototype of 3D optical data storage device. 

If the energy of the pulse exceeds the value 0.5 Oem the saturation of resonance takes 

5 place and the populations of the upper and lower levels become almost equal, then further 
increasing the pulse energy causes only an insignificant increase in the photoreaction product. 
The limit of this increase for the first pulse is equal, in accordance with (4), to 
(nB/no)smax=0.5(p. So, if it is necessary to accumulate the significant amount of colored form 
and if the quantum yield of coloration is not high enough, it is impossible to record the 

10 information bit by single pulse. Increasing the number of writing pulses one can transform 
the unlimited part of molecules into the colored form as follows from expressions (3,6). The 
dependencies of relative form B concentration on the effective dose of radiation in pulse after 
the propagation of one or several laser pulses and on the number of writing pulses for 
different effective radiation dose in pulse are depicted in Figs. 2A and 2B respectively. One 

15 can see that due to resonance saturation of two-photon absorption (Fig. 2 A), the relative form 
B concentration limit is defined by number of pulses k:(nB/no)inax = 1 - (1 - 0.5 cp/. So the 
further increasing of colored form accumulation may be achieved only by raising of k (Fig. 
2B). 

It is worth notice that to take into account the processes of reverse photochemical 
20 reaction, the kinetic nonequivalence of photochromic molecules embedded into the polymer 
host and the resonance energy transfer between excited molecules and non-excited molecules, 
the real kinetics of the writing process depicted in Figs. 2A and 2B and expressed by 
equations (3), (4) and (5) will be modified. The modification of relevant equations distortion 

10 

SUBSTITUTE SHEET (RULE 26) 



wo 99/23650 



PCT/US98/23194 



may be done by taking into account the quantum yield dependence on relative form B 
concentration. (The certain experimentally obtained dependencies of quantum yield of 
photochemical reaction on the relative concentration of form B will be described later.) 

One makes efforts for minimizing the energy expenses per one information bit writing 
under the development of realistic devices of the rewritable 2.5D optical data storage. The 
basic photochromic material parameters, digital information density per page, the information 
writing rate and the sensitivity of readout of information ought to be specified. The simple 
model developed above of the processes that take place during two-photon writing the digital 
information into the photochromic data storage media gives the opportunity to estimate the 
optimized writing conditions. 

Let us introduce the criteria of recording of one bit: the bit is considered to be 
recorded if minimal detectable form B concentration (nB/no)min in the volume restrained by 
the diffraction limited laser beam focal spot is accumulated. 

The task of minimization of energy expenses per one bit cannot be achieved by simple 
minimization of the of total energy Ws=kES (here k is the number of pulses characterized by 
the density of energy E and S is the pit area) that is necessary to transform the photochromic 
substance fraction (nB/no)min from form A to form B due to non-linearity of two-photon light 
absorption process. Certainly the value Ws does not include the important for two-photon 
writing laser pulse parameters. The analysis of the equations (3) and (4) that describe the 
kinetics of form B accumulation under nonlinear two-photon excitation of the photochemical 
reaction by the train of short laser pulses bring to introduction of dimensionless parameter of 
"cast energy expenses" per information bit writing. This parameter is defined through the 
pulse photon flux density E, the number of pulses k that are necessary to write one bit of 

11 
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information, the two-photon absorption cross section 5, the pulse duration x and the pulse 
form-factor g by following relation: 



Thus the minimization of the parameter W will define the way of the optimization of 
the two-photon Avriting. 

By solution of the equation (4) with regards the value of W one may obtain the 
relation between W and (ne /no )min: 



The quantum efficiency of the direct photochemical process A->B that is consequent 
for the colored form accumulation under two-photon excitation conditions appears as the 
parameter in last relation. 

Obviously the relation (9) describes a non-monotonic function W(k) that is dependent 
on the parameter cp, that is, quantum yield of direct photochemical reaction. However, there is 
no possibility of finding the analytical expression for minimum value of W for various 
(nB/no)mifi and (p. To perform the result of calculation of optimal energy expenses per writing 
one bit of information W according to (9) in pictorial form we depict in Fig. 3 the curves that 
define such combinations of (nB/no)min and cp that the values of W are minimal for definite 
numbers of pulses. Thus the area in coordinates (nB/no)min and (p is divided into segments 
within which the optimum number of writing pulses is defined. Besides that one can mention 
that according to (6) (w /k) = ^a^ff-E . It is evident that the optimum W/k relation does not 




(9) 




(10) 
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change significantly (see Fig. 2A) and it is consequent to expect that according to (4) OefiE 
for any pulse in optimal recording the information regime would not differ significantly from 
0.5. Exact calculations show that W/k in the optimal recording regime is equal to 0.8 for low 
levels of quantum yield cp and low values of necessary relative accumulation of form B 
molecules (nB/no)min and W/k has a bias to grow slightly as (p and (nB/no)min approach the 
value 1 in the limit. So the Fig. 3 gives us the possibility to define not only the necessary 
number of pulses but also the value of cast energy expenses for writing one bit of information 
for various values of (p and (nB/no)min. 

The required laser power P and pulse repetition rate f may be easily derived if the 
information recording rate is given from the known value of cast energy expenses for writing 
one bit of information obtained from (9) or estimated according to Fig. 3: 



Here d is the waist diameter of the focused laser beam and k is the radiation wavelength in 
vacuo. 

It is worth notice that the most thoroughgoing manner to minimize the necessary laser 
power is the usage of photochromic materials that are characterized by large values of two- 
photon absorption cross section. E.g., if a laser with 10 pj per 100-fs pulse is used, then 5 = 
10'"^^ cm"* s is necessary to achieve the efficient cross section Oeff close to single photon 
absorption cross section in the case of diffraction limited tightness of light focusing. Thus the 
saturation of two-photon light absorption takes place. The search of new photochromic 




(11) 



f=kF. 



(12) 
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materials may be supplemented by the utilization of sensitizers. Certainly the usage of 
substances with the highest values of photoisomerization quantum yield is recommended. 

The essentials of writing optimization is in definition of the optimal number of laser 



to minimize the total energy in whole pulses. In another words we define the cast energy 
expenses per information bit writing W, found the optimum number of pulses to write one 
information bit k and the optimum energy in single pulse of recording radiation 



E t = — J— . However if the laser used for recording the information is capable of 



generating pulses of energy much less than calculated Eopi, the required number of pulses to 
write single a information bit becomes large and the cast energy expense per information bit 
writing is far from an optimal value. In accordance with (6) in this case the cast energy 
expenses per information bit writing is growing proportionally to the square root of the 
required number of pulses: 



The record-read-erase processes are characterized by quantum yields of 
corresponding photochemical reactions. It is worth to note that the value of quantum yield 
may be varied in the process of photochemical reaction. In the case of polymer matrices the 
variation of differential quantum yield is caused by: 1) the reverse photochemical reaction; 2) 
the kinetic non-equivalence of molecules because of inhomogeneity of their interaction with 
polymer host; 3) the energy transfer between photoisomers in the case of high concentration 



pulses with given duration and temporal profile in which the writing energy ought to be split 





(13) 
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of photochromic molecules and 4) the different rates of photoreactions along the film depth 
due to light absorption in the samples with high optical density. 

It is worth notice that to realize WER optical data storage device it is necessary to 
erase information in a way similar to the information writing (two-photon induced 
photochemical bleaching reaction). 

Information reading in 2.5D optical memory devices may be performed by the 
registration of fluorescence excited at single- or two-photon absorption. The single-photon 
reading allows the use of "page-by-page" (parallel) reading. In both cases the reading process 
is accompanied by the information erasing due to photobleaching of colored form of 
photochromic molecules. Page-by-page reading may be provided by a CCD camera. If the 
reading beam is directed onto the specimen at the Brewster angle, one can avoid the 
interference with the reflected light. 

Under stationary illumination the solution of equations that define the number of 
molecules of colored form of the photochromic substance that are erased after illumination of 
the sample by the reading radiation with constant photon flux density <t> during time t in the 
unit volume of the informative layer of the data storage medium and the total number of 
fluorescent photons emitted fi*om that volume during that time correspondingly can be written 
as follows: 

(t) = (0) exp(-cpBa30t) , (14) 
F(t) = ^PiL^[l -exp(-cp3a3<Pt)] , (15) 

where nB(0) is the initial colored form concentration, cpfi and (Pb are the fluorescence and 
bleaching quantum yields correspondingly and Ob is the light absorption cross section at the 
reading wavelength of the colored form molecules. 

15 



SUBSTITUTE SHEET (RULE 26) 



wo 99/23650 



PCT/US98/23194 



The total number of photons which can be emitted from 1 cm^ is equal to 

oo 

F^=Jlfldt = ^ni3. (16) 
0 

Under single-photon excitation of fluorescence, partial erasure of information takes place not 
only in the layer dedicated for reading but in all layers of the medium. One can see from (16) 
that the ratio of emitted fluorescent photon number to the number of "erased" molecules met 
with reverse photoreaction B-^A is equal to the ratio of quantum yields (fluorescence and 
photobleaching). Thus this reading method is intrinsically limited in number of readout 
cycles. 

Every readout system possesses the inherent detection limit defined as the minimum 
number of photons emitted from unit volume during registration time necessary to detect the 
presence of colored information pit. Let AFmin be the minimal number of photons which can 
be registered by the system to get a distinguishable signal (detection limit). The maximum 
number of reading cycles Nmax can be estimated for original concentration of form B as 
integer part of the following expression: 



(17) 



_471CPbAF^^ 

where NA is the numeric aperture of reading objective. 

Evidently to achieve the maximal number of readout cycles one ought to change 
illumination dose in every readout cycle to provide the constant fluorescent photon numbers 
in every cycle that is equal to the detection limit Nevertheless in practice the simplest way is 
to read the information is to keep the illumination dose constant at every cycle. In this case 
the maximum number of readout cycles in the single layer is defined by relation: 



16 



SUBSTITUTE SHEET (RULE 26) 



wo 99/23650 



PCTAJS98/23194 



K(R) = 



B 



(18) 



At large Nmax the readout number at optimum reading dose E'^is equal approximately 



to: 



N 



'max 



+ 1 



e 



5 



(19) 



and the optimal readout illumination dose is E°^^=eFo/ Nmax. 

To analyze the influence of other layers' fluorescence during page-by-page reading, it 
will be assumed that the matrix has M layers. Assume that integral absorption of reading 
illumination in all layers with recorded information is small. The information density in a 
10 single layer can be characterized by the parameter Ti=Srec/S, where Srec is the area that was 
colored during information recording and S is the total page area. The image contrast k may 
be defined as the ratio of difference of signal intensities inside and outside the colored pit to 
the signal intensity outside the colored pit: k=(Ip-Io)/Io. 



15 information layers. In this case the fluorescence image formation is depicted in Fig.4. The 
symbols J-1, J, J+1 denote the images of three consequent layers 105 of a multilayer matrix 
101 formed at a CCD camera 401 having a target plane 403. The images are formed by a 
microobjective 405. It is assumed that the distances between information layers are similar. 
Light beams forming the pit image are located within the cone defined by the angular 

20 objective aperture a. If the objective magnification is large, a is approximately equal for all 
image layers. In Fig.4 the case of the focused image of layer J on the surface of the CCD 



Let the definition depth of the objective be much less than the distance between 
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camera 401 disposed at the target plane 403 is represented. Let us recall that all layers are 
illuminated simultaneously. 

Let us calculate the image contrast for pit displaced on the optical axis in the J-layer. 
According to Fig.4 into the point of pit image besides the radiation emitted exactly from the 
5 considered pit comes the collected by objective part of radiation emitted from the area 

corresponding to the image area S of the neighbor layer and the radiation from other layers of 
matrix. The image area S is limited by the circle that is the intersection of the cone a with a 
vertex in the point of the considered pit image and the plane of the image of the 
corresponding neighbor layer. Corresponding beams are represented by solid lines 407 in 

10 Fig.4. Besides that we shall mention that every pit deposited in the neighbor to reading layer 
illuminates an area similar to the area S in the plane of CCD camera target (in this case the 
beams are represented by dashed lines 409 in Fig.4), 

Let the pit image be formed by fluorescent radiation of power P. Then the intensity of 
the pit image is Ip=P/Sp, where Sp is the area of a single pit image. The intensity of radiation 

15 from this pit at the surface of neighboring layer image is Sp/S times lower. Hence the 

intensity of radiation from all neighboring layer pits is Ipn=TiIp. Similarly the radiation from 
the background of neighboring layer (that is from the area that does not contains the colored 
pits) is Ion=l-TiIo. According to geometric similarity consideration it is clear that the radiation 
level from any matrix layer is equal to the considered radiation level of neighboring layer. 

20 Hence the total alias radiation from all layers Ita on the image plane of the layer J is: 

I, =(M-1)[tiIp+(1-tiI,)]. (20) 

So the contrast of pit image obtained during information reading from the matrix with 
the M layers is: 
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(l.^I.)-(l.-Mo) _ k 



When M=l, as it ought to be, kM=k and if k->oo the equation (21) transforms to: 
1 



(22) 



^ -Ti(M-l) • 

Let us estimate the probability of muhilayer matrix readout error. The required noise 
5 level depends on the method of pattern recognition. Let us assume that two-level coding of 
information is used and that information recording is provided in such manner that the pit 
localization at the surface of any layer is known. In this case the signal from every pit can be 
averaged over the total pixel number (n) on the CCD matrix corresponding to one pit of 
information. The sample size in this case is equal to n. 
10 Let us assume that the intensities of signal and phone are normally distributed values, 

that the mean values are ip and Iq correspondingly and that the distribution dispersions of 

this values are similar and equal to a. 

The definition of phone level and its dispersion may be done over the large area and 
thus over the large number of CCD pixels. That is why the statistical assurance of the 
15 definition of these values is much better than the statistical assurance of the signal level 

definition because the last one is defined by the single information pit area. Besides that we 
assume high accuracy of signal level determination or the determination of its minimum 
value. 

The information that is contained in the pit volume discrimination criterion under the 
20 noise presence conditions may be introduced. Let the contrast of information reading be 

known and equal to kM. Thus without taking into account the noise value the pit signal exceed 
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"0" if Kl,^ 



the phone level by the value Ai = kj^i^ . We will instantiate the signal averaged by sample size 
T the denotations: 

AI 

1/2 — ^0 
if I^Ii;2- 

(23) 

Since the values ip , Iq and a are known, the readout error appearance probability is 

equal to the probability of the fact that the registered signal obtained from the colored pit will 
be less then Im. That probability is defmed by the relation: 



p(i.,„ <i,^)=i-o 



(24) 



where 0{x) =^ Jexp^-^jdt = o.5[i - erf(x)] is the standard normal distribution function. 

The probability of readout error appearance when the pit that is not colored during the 
information recording is equal in its turn to the value similar to defined by expression (24): 

p(I,.>,.,)..-<.{^]. (25) 



It is worth to notice that the assumption of similarity of the signal and phone 
dispersions that was made previously corresponds to the case when the registration system 
noise is prevails the noise of data storage medium. In principle the inverse situation also may 
take place if the random non-uniformity of the medium properties are large. One may expect 
that the relative dispersions of signal and phone inherent to single layer matrix are equal to 
each other and the signal dispersion is sufficiently greater than the phone dispersion for 
multilayer matrices. The minimum error rate value in this case would not be achieved when 
the signal definition criterion (23) is introduced. So this criterion should be changed. But we 
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believe that the considered case is realistic because the low level signal registration is 
necessary to enlarge the reading cycles number and because the uniformity of data storage 
medium is the technological but not principal parameter. 

If the information reading is organized in a sequential regime, for example in a device 
that is based on mechanics similar to those of a CD or DVD drive, the influence of 
fluorescence of neighbor layers onto the readout signal contrast become smaller because the 
intensity of reading laser radiation is tightly focused into the selected informative layer. An 
additional diminishment of the noise signal from neighbor informative layers may be carried 
out if two-photon excitation of fluorescence of photocromic molecules in colored form by 
femtosecond continuous train of laser pulses will be used. 

Information erasing may be performed either by two-photon excited photobleaching 
to provide spatial localized erasing of the information in the chosen layer of data storage 
medium or by single-photon excited photobleaching if all information that was recorded into 
medium should be erased. The first erasure variant is similar to the information recording and 
the second variant characterization is already made as the process that accompanies the 
readout of information. 

The prototype of the described above 2 .5D optical memory device that has been built 
is a table-top setup 501 of Fig. 5 having the following basic elements: lasers for recording, 
erasing and reading of information, optical modulators, universal module for writing and 
reading of images, precision 3D positioning stage with polymer photochromic matrix holder 
and controlling computer (is not depicted on the scheme). The schematic of the setup is 
represented in Fig. 5. 

The recording is performed by radiation of the cw femtosecond Ti: sapphire laser 

(A,=800-860 nm) 503 focused on the chosen photosensitive layer of the multilayer polymer 
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matrix 505. This laser produces 100-fs pulses with an average power of 150 mW and a 
repetition rate of 100 MHz. The argon-ion 5.6-W "Innova-3 1 6»"laser ("Coherent") 507 is 
used for pumping. The recording beam is focused by microscopic objective (x40, N. A. =0.65) 
509 supported by a universal head 511 which is also attached to a Princeton Instruments CCD 
camera 513. The matrix 505 is supported and moved in three dimensions by step drivers 515. 
The setup 501 is completed by an electrooptic gate 517, an acoustooptic gate 519, and such 
mirrors 521 as are needed. 

The scheme of a universal head in the recording regime is presented in Fig. 6. The 
recording radiation after the electro-optical gate 517 is collimated by a lens system 601 into a 
beam filling the significant part of the microscopic objective 509' s aperture and has an 
appropriate divergence to minimize objective aberrations. Inside the universal (recording and 
readout) head 511, Ti: sapphire laser radiation is reflected by a dichroic mirror 603 and 
directed into the microscopic objective 509. 

The pulse energy of the recording radiation varies from 10 to 500 pj per pulse, while 
the maximum peak power density inside the photochromic layer reaches 100 GW/cm^. The 
exposure time used for recording a single dot lies in the range of 1-10000 iis corresponding to 
100-1000000 pulses in the train. To read the page of information the image of the chosen 
layer is focused on the matrix of the CCD camera 513 by the same microscopic objective 509 
as is used for recording. Fluorescence is excited by the portion of argon-ion laser radiation at 
wavelength of 514 nm. The schematic of the universal head in such a readout regime is 
represented in Fig. 7. The radiation is directed onto the specimen from an opposite side 
through the transparent quartz substrate 701 of the drivers 515 at the Brewster angle. The 
beam has sufficient diameter to illuminate uniformly the 120xl60-|Lim page surface. 
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The universal head 5 1 1 is motionless and the choice of the selected layer is provided 
by 3D specimen displacement. This displacement is carried out with the help of the three 
step-motors or drivers 515 which drive the precision platen. The accuracy of spatial 
displacement is 0.22 |j,m along any coordinate. 
5 Writing radiation is dosed by pulse train duration controlled by the electro-optical 

gate, while the readout time is controlled by the acousto-optical gate. 

Specimen displacement, switching of the gates and operation of the CCD camera are 
computer- controlled. 

The storage media specimens are the transparent multilayer polymer photochromic 
10 matrices which are deposited onto the surface of round (20 mm in diameter, 5mm thick) 
quartz substrates by spin-coating method. The thickness of photosensitive layers is about 1 
^im and separating layer thickness is about 30 nm. We use PMMA or its copolymer with 
polystyrene and acrylonitrile as a host for photosensitive layers. Separating layers were made 
from polyethylene terephthalate. In this paper we report the results obtained when 
15 naphthacenepyridones (NP) are used as photochromic substance. Most results were obtained 
with NP No. 10. The main photochemical characteristics such as extinction coefficients of 
initial and colored forms, fluorescence and photoreactions quantum yields of this substance in 
toluene solution are represented in the cited paper. 

Representative absorption spectra of a thin l-pim polymer film containing NP No. 10 
20 are depicted in Fig. 8. 

One can see that polymer films containing NP are transparent in the near IR spectral 
region. Thus it is easy to provide two-photon writing into any layer of a 2.5D optical matrix 
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volume. The form A and B absorption bands in visible spectral range are strongly separated 
(450 nm and 530 nm). Thus any of these forms may be excited selectively. 

Representative normalized fluorescence spectra of both NP No. 10 forms are depicted 
in Fig. 9. 

Although fluorescence spectra of two forms of NP No. 10 overlap, the significant 
difference in positions of the absorption bands of form A and form B and in their 
fluorescence quantum yields allows one to read the information correctly and efficiently. 

One of the sufficient characteristics of 2.5D memory devices is the spatial resolution 
in the fiill cycle of recording and readout. The image of an information pit written as three 
dots horizontally shifted by l|im (less than single dot diameter) is depicted in Fig. 10. The 
transverse dimension of the pit is - 1 .7 |j,m, while the longitudinal pit dimension is larger by 
2 |am (as it is expected to be), i.e. ~ 3.7 jam. So the transverse dimension of the pit is 0.2 jiim 
larger than the waist diameter of writing beam. One can expect that the dimension of written 
pit is to be less than the diameter of the writing beam waist due to the non-linearity of the 
two-photon writing process. The observed enlargement of pit dimensions is not the principal 
limit of storage media but, in our opinion, is connected with the effects of writing process 
saturation. The saturation level is strongly influenced by photodestruction, reverse 
photoreaction, light absorption by other levels of molecules, by photoreaction quantum yield 
change due to inhomogeneity of molecules embedded into polymer host, and so on. 

The majority of these effects are sufficient not only for the decrease of resolution but 
also for the rate and energy changes of the recording and the erasure of information. 
Moreover, these effects have influence on other significant characteristics of optical memory 
devices such as the achievable number of record-erase cycles. 
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The theoretical estimations set forth above were made for ideal conditions of 
recording and readout of information. In order to describe the real processes, more detailed 
analysis should be done. The influence of reverse photochemical reaction, quantum yield 
decrease during photoreaction, oxygen effect, and the difference between single- and two- 
photon absorption spectra should be taken into account. All these factors are able to 
deteriorate significantly the parameters of recording, reading and erasing the information. 

As it has been mentioned above the described setup can be used not only as a pilot 
prototype of 2.5D optical memory device based on two-photon recording and fluorescent 
reading of information but also as a photochromic materials tester. Besides the two-photon 
excitation of photochromic molecules, the non-stationary single photon excitation by 
femtosecond laser pulses is also interesting and may be investigated with the help of this 
setup. 

The designed setup provides writing, reading and erasing the information according to 
the principle: two-photon single beam "bit-by-bit" writing and fluorescent "page-by-page" 
single-photon reading 2.5 D femtosecond optical data storage. Reliable functioning of the 
2.5D data storage prototype has been demonstrated via information writing into single-, two-, 
three- and five layer polymer photochromic naphthacenepyridone matrices. 

The choice of NP derivatives was determined by several reasons. Photochromic 

material used in 3D optical data storage must match several severe requirements. Up to now, 

a suitable photochromic substance has not been found. NP has high quantum yields of 

photocoloration and of form B fluorescence and a low thermal bleaching constant. On the 

other hand, these substances are characterized by high photodestruction quantum yields and 

low two-photon absorption cross sections. Photobleaching reaction limits the form B 

accumulation during information recording and the number of readout cycles. Nevertheless, 
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data storage media based on NP provides successful modeling of 2.5D optical memory 
device. 

The results of writing and reading of graphical images with high plot resolution in 
five layer optical matrix are depicted in Fig. 1 1 . The deposited photosensitive PMMA layers 
were about l-jim thickness, contained 0.1 M of NP and were alternated with 30-jxm layers of 
polyethylene terephthalate. Recording was performed by 50-mW Ti: sapphire laser radiation 
at a wavelength of 860 nm with exposure time of 1 ms for every dot. To read the information 
the page was illuminated by 1 00 mW/cm^ radiation. The CCD camera image accumulation 
time was 1 s. Obtained spatial resolution is 1 .7 jum and image contrast is about 2. In the 
described setup readout speed was limited by low reading beam intensity (100 |liW). 

The preferred embodiment of the present invention thus incorporates the following 
features. The photochromic material and appropriate femtosecond laser are selected to 
provide two-photon writing of the information. The multilayer data storage medium can be 
made according to Fig.l, and the 2.5D optical data storage device in principle may be similar 
to the prototype schematics represented in Fig. 3. Those skilled in the art who have reviewed 
the present disclosure should easily be able to develop the software for encoding the 
information, controlling the information recording, controlling the readout process performed 
with the help of CCD camera and for decoding the information. 

A multilayered data storage medium according to the preferred embodiment is formed 
as a matrix containing thin (about 1 M,m-thickness) layers of polymer with photochromic 
molecules embedded into it. An appropriate laser is used to provide two-photon recording 
and fluorescent reading the information. The setup contains a computer-controlled 3D 
displacement precision stage with a data storage media holder, gates for the writing and 
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reading laser beams, micro-objective to focus the writing beam and to transfer the page image 
during reading of the information onto a CCD camera. Those skilled in the art can easily 
develop suitable software necessary to control the processes of recording, reading and erasing 
of information. 

While a preferred embodiment of the present invention has been set forth in detail 
above, those skilled in the art who have reviewed the present disclosure will readily 
appreciate that other embodiments can be realized within the scope of the present invention, 
such as the following. To enlarge the sensitivity of storage media, one can use molecules that 
are characterized by large two-photon absorption cross section (for example AF-50) as the 
sensitizer of the photocoloration reaction by energy transfer that excites the photocromic 
molecules in initial form during recording process. To realize the WORM (write once read 
many) type of 2.5D optical memory, one may use the non-reversible coloration reactions in 
certain photochromic media (e.g. the coloration of lactone form of organic dyes). A semi- 
reversible WORM drive may be based on coloration of spyropiranes conjugated with 
polymer molecules that are irreversibly colored by photochemical reaction while may be 
returned to initial form after heating. Therefore, the present invention should be construed as 
limited only by the appended claims. 
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We claim: 

1. An optical data storage medium comprising: 

a plurality of photosensitive layers, each of the photosensitive layers comprising a 
base material with photochromic molecules embedded in the base material; and 

a plurality of separation layers for separating the plurality of photosensitive layers 
from one another. 

2. The optical data storage medium of claim 1, wherein the base material comprises a 
polymer. 

3. The optical data storage medium of claim 1, wherein the separation layers are 
transparent at a wavelength of light at which the photochromic molecules are photochromic. 

4. The optical data storage medium of claim 1, wherein the photochromic molecules 
comprise molecules of a naphthacenepyridone. 

5. The optical data storage medium of claim 1, wherein the photochromic molecules 
are selected from the group consisting of spiropyrans, fijlgides, thiondigoide colors, and 
phenoxynaphthacenequinones. 

6. The medium of claim 1, wherein: 

the photosensitive layers are 0.1-1 micrometer in thickness; and 
the separation layers are 1-50 micrometers in thickness. 

7. The medium of claim 6, wherein the photosensitive layers are at least twenty in 
number. 

8. A method of optical data storage comprising: 

providing a three-dimensional matrix of a photochromic material having an optical 
property which changes under two-photon absorption of coherent radiation; 
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positioning the matrix in three dimensions to position a portion of the matrix at a 
desired position; and 

changing the optical property of the portion of the matrix by irradiating the desired 
position with the coherent radiation in accordance with information to be stored in the matrix. 

9. The method of claim 8, wherein the optical property is fluorescence. 

10. The method of claim 9, wherein the fluorescence changes in anisotropy. 

1 1 . The method of claim 9, further comprising a step of reproducing the information 
by detecting the fluorescence caused by absorption of reading radiation by products of 
photoreaction within the portion. 

12. The method of claim 11, wherein the absorption is two-photon absorption. 

13. The method of claim 11, wherein the absorption is one-photon absorption. 

14. The method of claim 11, wherein the reading radiation is polarized. 

15. The method of claim 14, wherein the step of reproducing comprises detecting a 
presence or absence of anisotropy of the fluorescence caused by two-photon absorption. 

16. The method of claim 14, wherein the step of reproducing comprises detecting a 
positive or negative sign of anisotropy of the fluorescence caused by two-photon absorption. 

17. The method of claim 14, wherein the reading radiation has a modulated 
polarization for single-photon absorption. 

18. The method of claim 11, wherein the step of reproducing comprises page-by-page 
reading in which a plurality of portions of the medium are illuminated simultaneously and in 
which fluorescence from the plurality of portions is detected simultaneously. 

19. The method of claim 18, wherein the fluorescence from the plurality of portions is 
detected with a CCD camera. 

20. The method of claim 18, wherein the reading radiation is polarized. 
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22. The method of claim 8, further comprising orienting the photochromic material 
imder a field to orient magnetic dipole moments of molecules in the photochromic material. 

23. An apparatus for recording information in photochromic medium, the apparatus 
comprising: 

driving means for supporting the medium and for moving the medium in three 
dimensions such that a portion of the mediimi is positioned at a desired position in 
accordance with the information to be recorded; 

laser means for emitting coherent radiation capable of changing an optical property of 
the medium; and 

modulating means for modulating the coherent radiation in accordance with the 
information. 

24. The apparatus of claim 23, wherein the laser means comprises a femtosecond laser 
with a pulse duration of substantially 50-100 fs, a repetition rate of substantially 100 MHz, 
and a wavelength outside a wavelength of absorption and fluorescence of the photochromic 
medium. 

25. The apparatus of claim 23, wherein the driving means comprises means for 
moving the medium for multi-layer recording of the information. 

26. The apparatus of claim 23, wherein the laser means comprises means for focusing 
the coherent radiation to form an elliptical volume within the portion of the medium. 

27. The apparatus of claim 23, wherein the modulating means comprises means for 
adjusting a duration and intensity of the coherent radiation to control the width of pits in 
which the information is recorded. 
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